in the Supplementary MateSummary rial). Likewise, in a preliminary ␣-tubulin alignment, inframe UAA codons of peritrichs (see Figure 2 , amino Deviant genetic codes reported in ciliates share the acid positions 77, 297, and 411) occur at glutamate resisame feature: one (UGA) or two (UAR) of the three dues. We then decided to extend the analysis to a wider canonical stop codons are translated into one particunumber of actin-and ␣-tubulin-deduced amino acid selar amino acid. In many genera, such as Oxytricha, quences and to calculate the degree of conservation of Paramecium, and Tetrahymena, UAR codons are glutamate residues at the abovementioned amino acid translated into glutamine. UGA is translated into cys-
Figure 1. Alignment of Deduced Amino Acid Sequences of Actin
Vorticella microstoma, Opisthonecta heneguyii, and Opisthonecta matiensis actin are aligned to actin from rabbit (accession number NM_007392), Arabidopsis thaliana (accession number M20016), Chlamydomonas reinhardtii (accession number D50838.1), Tetrahymena thermophila (accession number M13939), and Paramecium tetraurelia (our unpublished data). Filled circles and filled triangles denote UAA and UAG codons, respectively, at the nucleotide sequence (see Figure S1 ). Gaps, introduced to improve alignments, are indicated by dots. The black and gray shadowed amino acids represent, respectively, glutamate and glutamine residues encoded by UAR in ciliates. The numbers on top of the alignments refer to the sequence in the first row. Rab, rabbit; Atha, Arabidopsis thaliana; Cre, Chlamydomonas reinhardtii; Tth, Tetrahymena thermophila; Pte, Paramecium tetraurelia; Vmi, Vorticella microstoma; Ohe, Opisthonecta henneguyi; Oma, Opisthonecta matiensis.
(see the Experimental Procedures in the Supplementary ther verified. These genetic code deviations, namely translation of canonical stop codons into glutamate, had Material). Sequence analyses of these actin 5Ј regions show that both species use UGA as the true stop codon. never been described in ciliates or in any other living organism. Therefore, all of this evidence strongly supports that UAA codons are translated into glutamate in peritrichs.
According to wobble pairing rules, canonical glutamate tRNAs, with YUC anticodons, would not be able Whether UAG is translated into glutamate must be fur- to pair UAR codons. Since two suppressor-like tRNAs DNA fragments in O. matiensis, which were recognized as tRNAs when they were analyzed with the tRNAscan-(tRNA Gln UUA and tRNA Gln CUA ), which decode UAR into glutamine, have been reported in the hymenostomate Tetra-SE software [6] . This software also displays that one of these nucleotide sequences bears a UUC anticodon hymena thermophila [5] , we hypothesized the existence of YUA-bearing tRNAs in peritrichs. Searching for these while the other bears a UUA anticodon. Thus, the first sequence most likely codes for a putative canonical tRNAs, we cloned and sequenced (see Figure S2 ) two glu-tRNA, and the second one most likely codes for a scattered pattern of UAR reassignment within and between ciliate classes led to the hypothesis, first proputative suppressor-like tRNA.
Phylogenetic studies based on rRNA sequences [7] posed by Baroin-Tourancheau et al. [10] , that these nuclear genetic code deviations have arisen independently reveal a solid and consistent association between peritrichs (Vorticella and Opisthonecta), hymenostomates several times within the phylum. Nevertheless, we suggest that UAR reassignment could have a single origin (Tetrahymena), and peniculines (Paramecium). In order to validate the monophyletic character of the class Olyat least in oligohymenophoreans. This is based on the solid monophyly of the Oligohymenophorea class, the gohymenophorea, we reexamined the phylogenetic position of the peritrich ciliates by using a UAR-containing translation of UAR codons with different specificity (glu or gln) within this class, and the accepted common evomarker. We used ␣-tubulin, which allows one to infer phylogenetic relationships at a low taxonomic level lutionary origin of the glutamate and glutamine translational pathways [11] . In modern organisms, glutamine within ciliates [8] . The general pattern of the ␣-tubulin tree (see Figure 3) ancestral glxRS might have glutamylated tRNA YUS (cadiscovered pyrrolysine [14] or selenocysteine [15] , is made by taking over the tRNA synthetase system of nonical glu-and gln-tRNAs); however, the amidotransferase selected only the tRNA YUG (canonical gln-tRNAs) in standard amino acids (lysine and serine, respectively) and suppressor-like tRNAs. In summary, there may have order to convert glutamyl-tRNAs to glutaminyl-tRNAs [12] . Later on, the duplication of the glxRS and the diverbeen an oligohymenophorean ancestor with a deviant genetic code. Its code diverged later, giving different gence of one copy made possible the specialization of two related enzyme activities, glu-tRNA and gln-tRNA specificity to UAR codons. This divergence was possible through modifications on the aminoacylation apparatus [12, 13] . This implied not only changes in the acylation activity, but also changes in the preference for the last that we suggest could be similar to those that gave rise to the glutamine translational pathway. position of the tRNA anticodons. Meaningfully, it has been suggested that the evolving glnRS could change its anticodon preference through the use of intermediate 
